A terahertz laser, combined with an uncooled microbolometer camera, is used in a digital holography method to provide improved resolution of skin profiles.
In addition to being fashionable, textile materials for clothing need to be comfortable, functional, and biocompatible. These requirements are especially important for cases where skin is in continuous contact with textiles, e.g., for long-distance hikers, babies in wet diapers, or bedridden patients. Such cases can pose a risk to health, especially when sweat, pressure, and friction factors are considered. In these situations, it is essential to determine the physical parameters involved, such as the real contact area of the skin-textile interface and the distribution of water at this interface. Knowledge of these parameters is required for gaining a deeper understanding of processes, such as impairment of the physiological functions of skin caused by swelling or loss of blood circulation, as well as for the development of improved materials. It is challenging, however, to study the skintextile interface because it is hidden by the material. Furthermore, the insertion of a sensor at the interface would drastically alter the local physical properties.
To overcome this inaccessible skin-textile interface problem, terahertz radiation can be employed. 1 Terahertz waves are electromagnetic waves with frequencies between 0.3 and 3THz (corresponding to wavelengths of 100-1000 m). The advantage of using terahertz waves is that they can penetrate non-conductive materials (such as textiles), they are sensitive to humidity, and they are reflected from skin surfaces and other interfaces. 2 Moreover, owing to their long wavelength, terahertz waves are unaffected by vibrations and surface roughness. However, this is at the expense of imaging resolution.
In our work, we have therefore developed a terahertz imaging technique with which we can achieve enhanced resolution. In our method, we use coherent radiation from a terahertz laser to provide additional phase information, which we obtain using digital holography. 3 We measure the surface profile of the skin and use this information to calculate the real contact area of the skin-textile interface. This parameter can then be used in the adhesion friction model (in which the frictional behavior of skin is dominated by adhesion), in combination with a pressuredependent term, to model the coefficient of friction. 4, 5 In our imaging procedure (see Figure 1 ), a terahertz beam from a high-power far-IR laser is split into an object beam and a reference beam. The object beam is used to illuminate a skin sample that is placed behind a plate. We use the reference beam to recover the phase of the object beam via holographic interference on a terahertz detector plane. We use an uncooled microbolometer camera with a resolution of 480 640 pixels (at a pitch of 17 m) to record the interference pattern that is generated. Although this camera was designed for thermal imaging, it has also been found to be suitable for digital off-axis terahertz holography. 6 Digital holography provides several advantages over imaging with a lens (e.g., compact experimental apparatus, high lateral resolution, and the ability to carry out numerical reconstructions on planes that are not parallel to the detector plane). In our setup, the amplitude and phase of the object beam are reconstructed at a distance of 9mm from the detector plane and at an angle of 45 • , with respect to the detector plane.
We have previously employed terahertz holography (in transmission) and confirmed that the lateral resolution was Continued on next page better than 200 m (just sufficient for resolving skin furrows). 7 To estimate the lateral resolution of our technique (in reflection), we imaged a metallic Siemens star, as shown in Figure 2(a) . We found-see Figure 2 (b)-that the resolution reached 5 line pairs/mm at a modulation transfer function of 10%, which we take to be the resolution limit.
To benchmark the resolution of our technique, in both the lateral direction and the profile height, we have also conducted imaging of a fingertip replica. The reconstructed wrapped phase of this image is shown in Figure 2(c) , where the period of the colored bands (from red to blue) corresponds to differences in optical path length of the terahertz beam wavelength. At the resolution limit of our technique (i.e., 5 line pairs/mm), we were able to image the profile of the fingertip replica in reflection.
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We used high-pass filtering-see Figure 2 (d)-to enhance the sub-millimeter ripple structure. Low-frequency phase distortions introduced by a 1mm-thick opaque Teflon plate in front of the fingertip can clearly be seen in Figure 2(f) . The highfrequency components of the image in Figure 2(f) , which represent the fingertip, are shown in Figure 2(g) . For comparison, we also obtained images by white-light fringe projection. The image of the fingertip replica obtained in this way is shown in Figure 2 (e), and the image of the fingertip behind a transparent quartz glass plate (used instead of the Teflon plate) is shown in Figure 2(h) .
In summary, we have devised an apparatus for highresolution off-axis digital terahertz holography and have shown its potential for the imaging of hidden biomechanical interfaces. To investigate the parameters involved in skin irritation, in future experiments we intend to insert a textile patch between a Teflon plate and a skin sample. The textile will thus act as a diffractive structure that adds complexity to the object wave reflected by the skin surface. We are confident that we will be able to separate the contributions of the Teflon plate and textile patch in the hologram by using different recording angles and by varying the wavelength of the incident terahertz beam.
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